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The  structural,  bonding,  electronic,  mechanical  and  thermal  properties  of  ternary  aluminum  silicon  car-
bides  Al4SiC4 and  Al4Si2C5 are  investigated  by  ﬁrst-principles  calculations  combined  with  the Debye
quasi-harmonic  approximation.  All  the  calculated  mechanical  constants  like bulk, shear  and  Young’s
modulus  are  in  good  agreement  with  experimental  values.  Both  compounds  show  distinct  anisotropic
elastic  properties  along  different  crystalline  directions,  and  the  intrinsic  brittleness  of both  compounds
is  also  conﬁrmed.  The  elastic  anisotropy  of  both  aluminum  silicon  carbides  originates  from  their  bonding
structures.  The  calculated  band  gap  is  obtained  as 1.12 and  1.04  eV  for Al4SiC4 and  Al4Si2C5 respectively.nisotropy
eat capacity
From  the total  electron  density  distribution  map,  the  obvious  covalent  bonds  exist  between  Al and  C
atoms.  A distinct  electron  density  deﬁciency  sits  between  Al C bond  along  c axis  among  Al4SiC4,  which
leads  to its  limited  tensile  strength.  Meanwhile,  the  anisotropy  of acoustic  velocities  for both  compounds
is  also  calculated  and  discussed.
©  2016  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V. This  is  an  open  access  article  under  the CC  BY-NC-ND  license  (http://creativecommons.org/. Introduction
At present, Al–Si–C system materials are a series of new engi-
eering materials including two promising ternary aluminum
ilicon carbides: Al4SiC4 and Al4Si2C5. Both of them have been
egarded as the potential research subject because of their supe-
ior properties including high melting temperature, excellent wear
esistance properties, high strength, good thermal conductivity,
uctility, etc. The range of potential applications of Al–Si–C based
eramic materials is wide, including weight sensitive applications,
eat-exchange materials, and high-temperature structural devices
1–5]. Until recently, diverse manufacturing methods with groups
f raw material proportion for fabricating Al4SiC4 have already been
esearched by numbers of research groups, such as high purity ele-
ents’ powders (aluminum, silicon and carbon black powders) [2],
arbides (Al4C3, SiC) [4], mixture of polycarbosilane and elements
owders (PCS, Al, and graphite powders) [5] mixture of oxides and
ydroxides (SiO2, Al(OH)3, and phenolic resin) [6,7], and mixture∗ Corresponding author. Tel.: +86 29 82665479; fax: +86 29 82665479.
E-mail address: yefeili@126.com (Y. Li).
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eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2016.05.006
187-0764 © 2016 The Ceramic Society of Japan and the Korean Ceramic Society. Producti
icense (http://creativecommons.org/licenses/by-nc-nd/4.0/).licenses/by-nc-nd/4.0/).
of kaolin clay and elements powders (kaolin clay, Al and acti-
vated carbon powders) [8,9]. The synthesis methods include hot
pressing [4,5], carbothermal reduction process [6–9], solid state
reaction [10], and laser process [11]. Yamamoto et al. [2] stud-
ied the oxidation behavior of Al4SiC4, they found the oxidation
process can be separated into three stages, where the remark-
able oxidation occurred in the second stage with the temperature
range of 850–1150 ◦C. Wen  and Huang [5] pointed out the high-
temperature bending strength of Al4SiC4 showed an increasing
trend with increasing temperatures, especially they also provided
the thermal expansion coefﬁcient of 6.2 × 10−6 ◦C−1 in the tem-
perature range from 200 to 1450 ◦C. Luz et al. [12] found that the
Al4SiC4 additive is a promising antioxidant for refractory bricks, but
its performance is limited to control the carbon oxidation of the
Al2O3–SiC–SiO2–C refractory castables. Gaballa et al. [4] revealed
the densiﬁcation of Al4SiC4 ceramic can be increased to 99.5% by
adding WC,  and the hardness of Al4SiC4 specimens containing 30%
TiC and WC  had higher hardness than single-phase Al4SiC4. Itatani
et al. [13] tested the hardness of Al4SiC4 compact, which is 13.1 GPa.
Besides, the synthesis of Al4Si2C5 has also been investigated
by Inoue et al. [1] using mechanical alloying plus hot-pressing
method, and then they gave its crystallographic structure param-
eters in detail. Linnarsson et al. [14] pointed out that the
Al4Si2C5 may  form from a supersaturated solution of Al in SiC at
on and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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Aig. 1. Schematic diagrams of Al4SiC4, 4H-SiC, Al4C3 and Al4Si2C5 cell structures: 
l4Si2C5 crystal structure, (e) extended Al4SiC4 crystal structure. The pink, blue, an
hermodynamic equilibrium, but the stability of Al4Si2C5 is ques-
ioned. Yu et al. [15] synthesized the Al4SiC4–Al4Si2C5 composite
sing a mixture of bauxite, kaolin and carbon black as the raw mate-
ials; they found the Al4Si2C5 content increased with the increasing
f carbon black content. While until recently, less information is
vailable for the preparation of single-phase Al4Si2C5 compact.
o our knowledge, there are only few theoretical results about
l4Si2C5 ceramic existed. Hussain et al. [16] reported the electronic
ond structures and optical properties of Al4SiC4 and Al4Si2C5
y ﬁrst-principles calculations, they pointed out the crystals have
and gaps of 1.05 and 1.02 eV, respectively. For Al4SiC4 phase, Liao
t al. [17] studied the elastic constants and ideal strengths; they
oncluded that the structural failure occurs in tensile deformation
rstly and therefore conﬁrms an intrinsic brittleness of Al4SiC4.
owever, as we  know, the ternary aluminum silicon carbides are
mportant high-temperature structural materials; the study of the
eat capacity and mechanical anisotropy behaviors is necessary,
ut the corresponding researches are still unclear. Therefore, in
resent work, we will focus on the structural stability, electronic
onding, mechanical anisotropy, and thermal properties of both
ernary aluminum silicon carbides.
. Calculation methods and models
The crystal structures of Al4SiC4 and Al4Si2C5 are shown in
ig. 1a and d, respectively, and the comparing partners of 4H-
iC and Al4C3 structures are also displayed in Fig. 1b and c, the
xtended Al4SiC4 crystal structure is shown in Fig. 1e. All dis-
ussed compounds are hexagonal crystals with two kinds of space
roups (P63mc for Al4SiC4 and 4H-SiC, R3m for Al4Si2C5 and Al4C3,
espectively [1,10,18,19]). The unit cell of Al4SiC4 has 2 formulas
f.u.) with totally 18 atoms, while Al4Si2C5 has 3 f.u. in the unit
ell with 33 atoms. The layered structure of both ternary carbides
an be described as distinct structural units arranged alternatively
long the [001] direction with different coupling strengths. For
l4SiC4, the upper-side layer is Al–C slab (named as A) which4SiC4 crystal structure, (b) 4H-SiC crystal structure, (c) Al4C3 crystal structure, (d)
 balls represent Al, Si and C atoms, respectively.
is viewed as Al4C3-type unit by replacing Al to Si partially and
the underside layer consists of Al and C atoms (named as B) in
an arrangement which is similar to the structure of silicon car-
bide (4H-SiC) by replacing Si to Al; this kind of layered structure
is built up of alternately stacking sequence of 〈ABAB〉. While for
the hexagonal Al4Si2C5, the stacking sequence is 〈BABBAB〉, this
sequence type can be revealed clearly from extended structure in
Fig. 1e. The calculations in this work were carried out using ﬁrst-
principles method based on DFT which implemented in CASTEP
code [20–22]. The ultrasoft pseudo-potentials were employed to
represent the interactions between ionic core and valence elec-
trons. The valence electrons orbits of each atom in the compounds
are considered as: Al: 3s23p1, Si; 3s23p2, C: 1s22s22p2, respectively.
A special k-point sampling method was used for the integration
by setting as 10 × 10 × 2 for these structures with Monkhorst–Pack
scheme in the ﬁrst irreducible Brillouin zone in order to keep the
nearly equally divided grids [23]. The ultrasoft pseudo-potential
with generalized gradient approximation (GGA) of PBE approach
was used for exchange-correlation energy calculations [24]. A
kinetic energy cut-off value of 450 eV was introduced for plane
wave expansions. This was  sufﬁcient in leading to good conver-
gence for total energy and atomic forces, where the total energy
changes during the optimization ﬁnally converged to less than
1 × 10−7 eV and the forces per atom were reduced to 0.01 eV/Å.
The Broyden–Fletcher–Goldfarb–Shannon (BFGS) algorithm was
applied to relax the whole structure to reach the ground state
where both cell parameters and fractional coordinates of atoms
were optimized simultaneously.
3. Results and discussion
3.1. Structural stabilities and electronic structuresThe relaxed lattice parameters and atomic positions of both
ternary aluminum silicon carbides are listed in Table 1. Al4SiC4
has nine nonequivalent atomic positions, i.e., each atom in the
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formula has an independent atomic sites, whereas Al4Si2C5 has
only six nonequivalent atomic positions (two Al, one Si, and three
C). Comparably speaking, the relaxed cell structures are closed to
the experimental data and the average deviation of lattice param-
eters are less than 1% which means the calculation model could
be reliable. To investigate the chemical stability of the ternary
carbides, the cohesive energy and formation enthalpy were cal-
culated and shown in Table 1. The calculated cohesive energies
of both ternary carbides have negative values indicate they are
stable compounds. The formation enthalpy is positive for chem-
ical reaction SiC(s) + Al4C3(s) → Al4SiC4 (s), which means Al4SiC4
will not be formed by Al4C3 and 4H-SiC at 0 K spontaneously,
thus, high temperature (1800 ◦C [5], 1450 ◦C [10],) and even high
pressure (25 MPa  [5]) is needed to produce Al4SiC4 from Al4C3
and 4H-SiC powders. Inoue and Yamaguchi [3] claimed that the
standard Gibbs energy of formation for above chemical reaction
changes from positive to negative at 1106 ◦C; therefore, the sin-
tering temperature for Al4SiC4 should above 1106 ◦C. For Al4Si2C5
compound, the formation enthalpy is also positive for chemical
reaction 2SiC(s) + Al4C3(s) → Al4Si2C5 (s). Thus, the fabrication of
Al4Si2C5 also needs high temperature [1,15].
In this part, two parameters are used to indicate the electronic
structures and chemical bonding characters of both ternary car-
bides, which are band structure (including density of states) and
electron density distribution map. Figs. 2a and 3a show the calcu-
lated band structures of Al4SiC4 and Al4Si2C5. For both carbides,
the top of the valence band is situated at the G and A points and the
bottom of the conduction band at the M point. The indirect band
gap of 1.12 and 1.04 eV which are a little larger than the calculated
data (1.05 and 1.02 eV) by Hussain et al. [16]. This is reasonable
since the GGA was  used in our works; one could expect that it may
overestimate the band gap slightly. The total and partial density
of states (TDOS and PDOS) for Al4SiC4 and Al4Si2C5 are shown in
Figs. 2b and c and 3b and c. Generally speaking, the shapes of the
DOS in both compounds are similar indicating their similar chem-
ical bonding characters. The upper valence band part (−8 to 0 eV)
is dominated by (Al, Si, C)-p states, partially by (Al, Si)-s states.
Among them, the covalence bond can be expected between C and
Al (or Si) atoms due to the sp3 orbit hybridization of the tetrahedral
bonding structure. In the very low energy part (−15 to −10 eV), (Al,
Si, C)-s states combined with (Al, Si)-p states can be found, which
are relatively localized and have little contribution to the chemical
bonding.
The calculated total electron density distribution maps of both
ternary carbides are shown in Fig. 4a and b. The elongated contours
can be observed easily along C Al and C Si bond axes, which can
be ascribed to their covalent interactions; this provides an evidence
to explain the covalent bonds caused by sp3 hybridization. A dis-
tinct electron density deﬁciency sits between Al C bonds along c
axis, which may  relate to its weak bonding along [001] direction.
Meanwhile, the calculated electron density difference maps, which
are deﬁned as the electron density difference between the isolated
atoms and their bonding states, are shown in Fig. 4c and d. Where
the red color area corresponds to gain electrons and the blue color
area corresponds to loss electrons. It is directly reﬂected certain
ionic nature along C Al bond and C Si bond.
3.2. Elastic constants and polycrystalline modulus
The elastic constants Cij (i, j = 1, 2, 3, 4, 5, 6) determine the
response of the crystal to external forces which play a crucial rule
for engineering application as abrasive resistance phases. However,
owing to the experimental limits, rare records have been reported.
Thus, the second order elastic constants were calculated by stress
versus strain approach [25]. In this method, one can compute all
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Fig. 2. Calculated band structure (a), total (b) and partial density of states of Al4SiC4. The black dotted lines represent the Fermi level.
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p
[Fig. 3. Calculated band structure (a), total (b) and partial density
ndependent elastic constants by solving Hooker’s law. For hexag-
nal aluminum silicon carbides, it can be written as:
1
2
3
4
5
6
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
=
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
C11 C12 C13 0 0 0
C12 C11 C13 0 0 0
C13 C13 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 C44 0
0 0 0 0 0 (C11 − C12)/2
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
ε1
ε2
ε3
4
5
6
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(1)
In Eq. (1), Cij represents the non-zero elastic constants; i and i
re the normal and shear stresses, and the corresponding uniaxial
nd shear strains are given by εi and i, respectively. In this study,
he following two strain modes were applied to compute Cij in the
resent paper:
ε]T = [ 0 0 1 0 0 0 ] (2)tes of Al4Si2C5. The black dotted lines represent the Fermi level.
[ε]T = [ 1 0 0 1 0 0 ] (3)
where [ε]T is the transpose of the strain matrix, and  is the magni-
tude of Lagrangian strain. The above two  different strain patterns
are applied to the optimized crystal structure by varying the strain
amplitude for each strain pattern. The number of steps for each
strain is set as four in this work, and the maximum strain ampli-
tude is 0.003. Then, the stress tensor can be evaluated as a function
of strain. The calculated elastic constants are shown in Table 2.
The intrinsic mechanical stability of the crystal structure usually
can be simulated by the elastic constants using Born–Huang crite-
rion [26,27]. The mechanical stability of hexagonal crystal structure
follows the equations below:
C11 > 0, C44 > 0, C11 − C12 > 0, (C11 + C12)C33 > 2C213 (4)
The calculated elastic constants satisfy the stability conditionabove which suggest both ternary carbides are intrinsically sta-
ble. Both Al4SiC4 and Al4Si2C5 have large C11 and C33 which induce
them to be stiff against principal stains ε1 and ε3. Here, the value
of C11 is slightly smaller than that of C33 implying the structures
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Fig. 4. Total electron density distribution of (110) slice for Al4SiC4 (a) and Al4Si2C5 (b), and the electron density difference of (110) slice for Al4SiC4 (c) and Al4Si2C5 (d).
Table 2
Calculated second order elastic constants (Cij in GPa) of Al4SiC4 and Al4Si2C5.
Compound C11 (C22) C12 C13 C33 C44 C66
Al4SiC4 369.5
(386a)
117
(118a)
52.9
(50a)
383.5
(409a)
110.2
(122a)
121.2
(134a)
Al4Si2C5 371.9 109.1 50.7 395.1 109.7 131.4
Al4C3 331.4
(352a)
117.2
(115a)
56.8
(52a)
369.4
(391a)
109.9
(116a)
107.1
(119a)
4H-SiC 489.7
(488.7b, 507c)
101.9
(98b, 108c)
47
(44.8b, 52c)
520.1
(533.8b, 547c)
159.5
(161.2b, 159c)
193.9
(195.4b)
˛-Al2O3 443.3
(451.5d)
144.2
(148d)
100.5
(108d)
467.3
(455d)
126
(132d)
149.6
(151.8d)
a Cal. data obtained by Liao et al. [17].
b Cal. data obtained by Yao et al. [28].
a
s
c
c
e
w
b
a
u
t
a
t
t⎧⎪⎨
⎪⎩
l
r
bc Exp. data from Ref. [28].
d From Shang et al. [36].
re stiffer along [001] direction. The compression modulus C13 is
maller than C12 means the elastic modulus under bi-axial stress
ondition along c axis is weaker than that deviate from c axis. The
omputed shear moduli (C44 and C66) exhibit small deviations from
ach other indicating the weak anisotropy in shear modulus. Mean-
hile, the values of C11, C22 and C33 of both ternary carbides locate
etween Al4C3 and 4H-SiC imply that the sequence of stiffness
long the principal axes is 4H-SiC > Al4Si2C5 > Al4SiC4 > Al4C3.
Moreover, the elastic modulus of both compounds can be sim-
lated by the Voigt–Ruess–Hill approximation [30]. According to
his approximation, the elastic moduli are calculated by arithmetic
verage of Voigt and Reuss approximation shown below, in which
he formal method is based on assumption of uniform strain, while
he latter one assumes a uniform stress:
BVRH =
1
2
(BV + BR)
GVRH =
1
2
(GV + GR)
(5)In the equation above, B and G represent bulk and shear modu-
us, while V and R represent Voigt and Reuss approximations [32,33]
espectively. Among all the approximations, BV, GV, BR and GR can
e calculated by elastic constant in Eq. (6):⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩
BV = 19 [2(C11 + C12) + C33 + 4C13]
GV = 130 (M + 3C11 − 3C12 + 12C44 + 6C66)
BR = C2/M, GR = 15{(18BV/C2) + [6/(C11 − C12)] + (6/C44) + (3/C66)}
M  = C11 + C12 + 2C33 − 4C13, C2 = (C11 + C12)C33 − 2C213
(6)
In addition, the Young’s modulus and Poisson’s ratio will be
estimated from the values of elastic modulus as follows [33]:
E = 9BVRHGVRH
3BVRH + GVRH
(7)
 = 3BVRH − 2GVRH
2(3BVRH + GVRH)
(8)
The results are listed in Table 3. Bulk modulus reﬂects the
compressibility of the solid under hydrostatic pressure. The bulk
modulus of Al4SiC4 and Al4Si2C5 are 171.9 and 173.2 GPa, and
their values are lower than other common hard compounds like
4H-SiC (210 GPa), -Al2O3 (227.1 GPa), Fe3C (226.8 GPa [38]), TiC
(242 GPa [39]), and TiB2 (251.4 GPa [40]), but higher than Al4C3
(165.9 GPa). The values of shear modulus and Young’s modulus of
both ternary carbides also locate between Al4C3 and 4H-SiC indicat-
ing the mechanical properties of ternary aluminum silicon carbides
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Table  3
Bulk modulus (B, in GPa), shear modulus (G, in GPa), Young’s modulus (E, in GPa), Poisson’s ratio () of Al4SiC4 and Al4Si2C5 calculated using the elastic constants, with the
Voigt–Reuss–Hill approximations applied for the evaluation of mechanical moduli, the theoretical hardness are also shown below.
Compounds B G B/G E  Hv
BV BR BVRH GV GR GVRH 0.151G 2(k2G)0.585 − 3 Exp.
Al4SiC4 172.0 171.7 171.9
(179a,
182b)
127.0 123.6 125.3
(140a)
1.37 302.4 0.206 18.9 20.3 12.7 c
Al4Si2C5 173.3 173.1 173.2 132.1 128.0 130.0 1.33 312 0.2 19.6 21.7 –
Al4C3 166 165.9 165.9
(170a)
118.8 115.9 117.4
(129a)
1.41 285 0.213 17.7 18.7 14d
4H-SiC 210.1 210 210
(209e,
221f)
189.5 185.1 187.3
(189.5e)
1.12 433.1
(436.8e)
0.156
(0.15e)
28.3 34.3 37g
˛-Al2O3 227.1 227.1 227.1
(231.7h)
147.6 141.3. 144.5
(149.3h)
1.57 357.6 0.246 21.8 18.6 19i
a Cal. data obtained by Liao et al. [17].
b Exp. data obtained by Solozhenko and Kurakevych [18].
c From Gaballa et al. [4].
d From Besterci et al. [34].
e Cal. data obtained by Yao et al. [28].
f Exp. data from Ref. [29].
a
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o
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v
˛
i
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T
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t
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e
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1
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m
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r
i
3
pg From Barbot et al. [35].
h Cal. data from Ref. [36].
i From Irissou et al. [37].
re weaker than 4H-SiC but stronger than Al4C3 due to the Si C
ovalent bonds are stronger than Al C ones. Poisson’s ratios ()
f ternary carbides are calculated and shown in Table 3. It will be
nteresting to compare them with other well-known benchmark
alues, for example, C (0.2), Si (0.22), Al (0.34), Ti (0.32), Pb (0.44),
-Al2O3 (0.25), SiO2 (0.2), bone (∼0.1), gases (0.0) and critical ﬂu-
ds (−1.0) [41,42]; we noticed that the Poisson’s ratios of Al4SiC4
nd Al4Si2C5 are about 0.2, which located between 0.1 and 0.25.
ypically, for covalent materials the value of  is 0.1, whereas for
onic materials the value is 0.25. The present results of Poisson’s
atios indicate the ternary carbides behave ironic/covalent mixture
onding characters. In addition, the ratio of B/G is widely used to
ndicate the ductility of different compounds. It is supposed that
he B/G value of brittle material is lower than 1.75 (for diamond
/G = 0.8) and that of metallic compound is greater than 1.75 (B/G
or Al = 2.74) [43]. In our case, the calculated results clearly imply
hat Al4SiC4 and Al4Si2C5 are brittle carbides, while which may  be
ess brittle than 4H-SiC.
The hardness of material plays an important role in its indus-
rial application, which is considered as the intrinsic resistance
o deformation under the applied exterior force [44]. Several
emi-empirical models for theoretical hardness of polycrystalline
aterials have already been proposed. Here, two  popular semi-
mpirical models from Chen’s work [45] based on elastic modulus
ere used in this paper: Hv = 0.151G and Hv = 2(k2G)0.585 − 3, where
 = G/B. The calculated results are also shown in Table 3. The
heoretical hardness of both ternary carbides is higher than the
xperimental values. Despite many researchers have involved great
fforts to understand the theory of hardness, it has been argued that
ardness measurements unavoidably suffer from an error of around
0% [46]. Meanwhile, the theoretical hardness of binary compounds
s closer to the experimental values than the ternary ones; and this
aybe the reason why many theoretical hardness formulas were
uilt for binary compounds [46–48]. Anyway, there is no experi-
ental hardness value for Al4Si2C5 exist, our results may  provide a
eference for it, and we can also expect that the hardness of Al4Si2C5
s higher than Al4SiC4..3. Anisotropy of acoustic velocities
Using the elastic constants calculated from the single crystal, the
hase acoustic velocities of pure longitudinal and transverse modesof these compounds can be calculated by the procedure of Bragger;
the acoustic velocities of the compounds in the principal directions
can be simply simulated using the equations below [49,50]:
for [100]vl = [010]vl =
√
C11 − C12
2
; [010]vt1 =
√
C11

;
[001]vt2 =
√
C44

for [001]vl =
√
C33

;  [100]vt1 =
√
C44

;  [010]vt2 =
√
C44

From the equation above, vl is the longitudinal sound velocity,
vt1 is the ﬁrst transverse mode and vt2 is the second transverse
mode. The anisotropic properties of sound velocities indicate the
elastic anisotropy in the crystal. Obviously, C11 (include C12) and
C33 determine the longitudinal sound velocities along [100] and
[001] directions, respectively, while C44 (include C66) correspond to
the transverse modes. After computed longitudinal and transverse
acoustic velocities, the Debye temperature 	D can be obtained by
[51]:
	D =
h
kB
[
3n
4

(
NA
M
)]1/3
vm (9)
In the equation above, h and kB are the Planck and Boltzmann
constants, respectively. NA is Avogadro’s number, n is the total num-
ber atoms in single formula unit, M is the mean molecular weight,
and  is the density of the compound. The average sound velocity
vm is given below [52,53]:
vm =
[
1
3
(
2
vt3
+ 1
vl3
)]−1/3
(10)
vl =
√(
B + 4
3
G
)
1

, vt =
√
G/ (11)
where vl and vt are the transverse and longitudinal sound velocity,
respectively. The calculation results together with the calculated
Debye temperature are tabulated in Table 4. The elastic wave veloc-
ities of both ternary carbides show obviously anisotropy, and they
give the sound velocities 11.25 and 6.03 km/s along c-axis. In the
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Table  4
The longitudinal, transverse and average sound velocities (km/s), the Debye temperature (K) are also shown below.
Compounds [100]vl [010]vt1 [001]vt2 [001]vl [100]vt1 [010]vt2 vl vt vm 	D
Al4SiC4 6.45 11.04 6.03 11.25 6.03 6.03 10.577 6.431 7.104 945.3
Al4Si2C5 6.57 11.06 6.01 11.4 6.01 6.01 10.676 6.539 7.219 962.8
Al4C3 5.99 10.54 6.07 11.13 6.07 6.07 10.398 6.274 6.937 916.4
4H-SiC  7.77 12.35 7.04 12.73 7.05 7.05 11.975 7.644 8.401 1147(1195a, 1200b)
-Al2O3 6.22 10.72 5.71 11 5.71 5.71 10.282(10.72c) 6.033(6.3c) 6.688(6.98c) 975.1(1029c, 980 d)
a From Peng et al. [54].
b From Meyer et al. [55].
c From Holm et al. [56].
b
1
b
f
s
2
	
t
t
c
t
3
g
a
a
S
F
ad From Wang et al. [57].
asal plane, perpendicular to the c-axis, the wave velocities are
1.04, 6.45 and 6.03 km/s. These wave velocities are really large
ecause they have large mechanical moduli and small densities;
or comparison, we want to list the wave velocities of hexagonal Zn
ingle-crystal which are 2.94, 2.36 m/s  along c-axis, and 4.81, 3.06,
.36 m/s  perpendicular to c-axis [50]. Meanwhile, it is known that
D is inversed to molecular weight and can be used to characterize
he strength of covalent bonds in the solids. The Debye tempera-
ure of Al4Si2C5 is higher than those of Al4SiC4 and Al4C3, i.e., the
ovalent bonds among atoms in Al4Si2C5 are stronger than other
wo compounds in some extent.
.4. Angular variation in elastic moduli
The calculations of elastic constants and sound velocities sug-
est that the elastic properties of these ternary carbides are
nisotropic. Therefore, it is useful to characterize the elastic
nisotropy using anisotropy indexes. Ranganathan and Ostoja-
tarzewski [58] summarized the existing anisotropy theories, and
ig. 5. The surface construction of the bulk modulus of Al4SiC4 (a) and Al4Si2C5 (b). The (00
re  shown in (c), (d) and (e), respectively.they provided a new universal anisotropy index, AU, which can be
calculated by:
AU = 5GV
GR
+ BV
BR
− 6 ≥ 0 (12)
The calculated values are given in Table 5. A value of zero
implies that the crystal exhibits isotropy properties while values
higher than zero represent varying degrees of anisotropy. The elas-
tic anisotropy of Al4Si2C5 shows higher degree than that of Al4SiC4.
Another way  for measuring the elastic anisotropy is given by the
percent anisotropies (AB and AG) in compression or shear modes
[59], which can be calculated as:
A = BV − BR (13)B BV + BR
AG =
GV − GR
GV + GR
(14)
1), (100) and (110) planar projections of the bulk modulus for both ternary carbides
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Table  5
Calculated universal anisotropic index (AU), percent anisotropies (AB and AG), and shear anisotropic factors (A1, A2 and A3) of Al4SiC4 and Al4Si2C5.
Compounds AU AB AG A1 A2 A3
Al4SiC4 0.1407 0.001 0.0137 0.692 0.692 1
a
A
A
A
a
r
i
i
d
c
t
p
A
v
a
d
c
[
b
F
cAl4Si2C5 0.1615 0.0008
Besides, Ravindran et al. [60] proposed another three shear
nisotropic factors (A1, A2 and A3), which are deﬁned as:
1 =
4C44
C11 + C33 − 2C13
(15)
2 =
4C55
C22 + C33 − 2C23
(16)
3 =
4C66
C11 + C22 − 2C12
(17)
Generally, if the crystal structure is isotropic, the Voigt and Reuss
pproximations should give the same values for B and G modulus,
espectively. In Table 5, the results of AB and AG are higher than zero,
t means the ternary carbides’ crystal structures behave anisotropy
n compression or shear modes, in which Al4Si2C5 shows higher
egree of anisotropy since it has higher AB and AG values. The cal-
ulated results of AG for both ternary carbides are slightly higher
han AB, as expected, because the Voigt and Reuss approximations
redict the similar values for the bulk modulus. Although AG, A1,
2 and A3 all determine the anisotropy of the shear modulus, these
alues are quite different from each other. The calculated A1, A2
nd A3 support the theory that the shear modulus has a strong
irectional dependence. For hexagonal ternary aluminum silicon
arbides, the anisotropy factors for (100) shear planes between the
011] and [010] direction (A1) equal to that for (010) shear planes
etween [101] and [001] direction (A2). But in (001) planes between
ig. 6. The surface construction of the Young’s modulus of Al4SiC4 (a) and Al4Si2C5 (b). Th
arbides  are shown in (c), (d) and (e), respectively.0.0158 0.659 0.659 1
[110] and [010] direction, the shear elastic seems isotropy since
A3 = 1. Another way to describe the elastic anisotropy is a 3-D sur-
face representation showing the variation of elastic modulus with
crystallographic orientation [61,62]. The procedure is described in
Appendix A, the results are shown in Figs. 5 and 6 for the bulk and
Young’s moduli, respectively.
3.5. Thermal property
Using the Debye quasi-harmonic approximation (QHA) [63,64],
the speciﬁc heats at constant pressure (CP) were evaluated. Mean-
while, the speciﬁc heat capacity at constant volume CV as a function
of temperature was  calculated by a homemade program for each
ternary carbides. The speciﬁc heats CP and CV with increasing tem-
perature for both ternary carbides are shown in Fig. 7. Al4Si2C5
has the higher CP since it behaves a big unit cell containing 33
atoms. The CP increases rapidly at low temperature, and then the
increasing rate reduces slowly at higher temperature. CP and CV
behave differently when the temperature above Debye tempera-
ture. Because at very high temperature, the CV reaches its limit as
3nR, n is the total number of atoms per formula and R is the gas
constant, whereas CP usually increases monotonically with tem-
perature due to the work done by the volumetric expansion. One
can see that the difference between CP and CV increases continu-
ally as a function of temperature, which will lead to strong lattice
vibration.
e (001), (100) and (110) planar projections of the Young’s modulus for both ternary
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r (1980).ig. 7. The calculated speciﬁc heats as a function of temperature for Al4SiC4 and
l4Si2C5. The temperature ranges from 200 to 2000 K.
. Conclusions
Using ﬁrst-principles calculations based on DFT, the structural
tabilities, bonding characters, anisotropic mechanical and thermal
roperties of Al4SiC4 and Al4Si2C5 were investigated. The calcu-
ated formation enthalpy values indicate that high temperature and
ven high pressure is needed to produce Al4SiC4 and Al4Si2C5. The
btained elastic constants clearly indicate that the elastic proper-
ies are crystallographic anisotropic. The bulk modulus of Al4SiC4
nd Al4Si2C5 are 171.9 and 173.2 GPa, and their values are lower
han 4H-SiC and -Al2O3, but higher than Al4C3. It is revealed that
oung’s moduli of both ternary carbides show higher anisotropy
egree compared with bulk moduli. The maxima of the Young’s
oduli for both ternary carbides occur in the c axis, and then the
alues on xy planes are slightly lower. The calculated B/G values
learly imply that Al4SiC4 and Al4Si2C5 are brittle carbides, while
hich may  be less brittle than 4H-SiC. The elastic wave velocities
f both ternary carbides are really large because they have large
echanical moduli and small densities. The speciﬁc heats CP and
V of Al4Si2C5 are larger than that of Al4SiC4.
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ppendix A. Graphical representation of the
rystallographic dependence of the elastic moduli
The directional dependence of the bulk modulus and the shear
odulus for the hexagonal structures are given by the followingelationship [58,59]:
1
B
= (S11 + S12 + S13) − (S11 + S12 − S13 − S33)l23 (A1)ic Societies 4 (2016) 289–298 297
1
E
= (1 − l23)
2
S11 + l43S33 + l23(1 − l23)(2S13 + S44) (A2)
In the equation, li are the direction cosines. Substituting the
relationships of the direction cosines in spherical coordinates with
respect to  and ϕ (l1 = sin  cos ϕ, l2 = sin  sin ϕ, l3 = cos ϕ) into Eqs.
(A1) and (A2), we obtain the equations used to plot the 3-D surface
plots shown in Figs.5a and b and 6a and b. The variation in magni-
tude of the elastic constant with respect to direction would indicate
the overall anisotropy; any deviation from a spherical shape indi-
cates the degree of anisotropy in the crystal. From Fig. 5a and b
we can observe that the bulk moduli of both ternary carbides show
weak anisotropy because the surface contours of them show only
small deviation from a spherical shape. The projections of the bulk
modulus on the (001), (100), and (110) planes show more details
about the anisotropic properties. For the hexagonal crystal struc-
ture, the uniaxial bulk modulus in [100], [010], [001] and [110]
directions are given by:
B[100] =
1
S11 + S12 + S13
(A3)
B[010] =
1
S12 + S22 + S23
(A4)
B[001] =
1
2S13 + S33
(A5)
B[110] =
1
(S11 + S12 + S13/2) + (S12 + S22 + S23/2)
(A6)
In-plane anisotropy in (001) plane is nonexistent (Fig. 5c), while
weak in-plane elastic anisotropy in (100) and (110) planes are
revealed in Fig. 5d and e, i.e., in (100) or (110) planes, B[001] < B[010],
and B[001] < B[110]. This is consistent with the elastic constants for
hexagonal aluminum silicon carbides, where C11 = C22, C11 < C33.
Fig. 6a and b illustrates the directional dependence of the
Young’s modulus. It is revealed that Young’s moduli of both
ternary carbides show higher anisotropy degree compared with
bulk moduli, these results agree very well with the previous dis-
cussion of AB and AG. The projections of Young’s modulus in three
principal directions are given by:
E[100] =
1
S11
, E[010] =
1
S11
and E[001] =
1
S33
(A7)
And in other direction like [110] direction, it can be given by:
E[110] =
4
2S11 + S12 + S66
(A8)
From Fig. 6c and e, similar to that observed for the bulk modulus,
the in-plane Young’s modulus anisotropy in (001) plane is nonex-
istent (Fig. 6c). Young’s modulus on the (100) and (110) planes
are relatively strongly polarized in certain crystallographic direc-
tions, and show higher anisotropic features than the bulk modulus.
Overall, the maxima of the Young’s moduli for both ternary car-
bides occur in the c axis, and then the values on xy planes are
slightly lower, because in (100) or (110) planes (Fig. 6d and e),
E[001] > E[010], E[001] > E[110]. But in certain off-principle axes direc-
tions, the Young’s moduli are really small; these observed peculiar
anisotropies are mainly caused by the small values of the off-
diagonal elastic compliance constants S12 and S13 (S23).
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